Inflammation is inextricably associated with primary tumor progression. However, the contribution of inflammation to tumor outgrowth in metastatic organs has remained underexplored. Here, we show that extrinsic inflammation in the lungs leads to the recruitment of bone marrow-derived neutrophils, which degranulate azurophilic granules to release the Ser proteases, elastase and cathepsin G, resulting in the proteolytic destruction of the antitumorigenic factor thrombospondin-1 (Tsp-1). Genetic ablation of these neutrophil proteases protected Tsp-1 from degradation and suppressed lung metastasis. These results provide mechanistic insights into the contribution of inflammatory neutrophils to metastasis and highlight the unique neutrophil protease-Tsp-1 axis as a potential antimetastatic therapeutic target.
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metastasis | inflammation | neutrophils | proteases | thrombospondin-1 T he contribution of inflammation to primary tumor progression is well documented (1); however, little is known about its role in metastatic outgrowth in distant organs. The lung, which is a frequent site of metastasis from extrapulmonary neoplasms, is susceptible to inflammatory insults. Bacterial infection-induced, metastasis-conducive environments in the lung (2, 3) and cigarette smoke-induced inflammation were associated with pulmonary metastasis from breast cancer (2, 4) .
Bacterial lipopolysaccharide (LPS) is a well-characterized inducer of inflammation because its binding to toll-like receptor 4 (TLR4) results in nuclear factor kappa B (NF-κB) activation and expression of proinflammatory cytokines, including interleukin-1 beta (IL-1β), tumor necrosis factor alpha (TNF-α), and IL-6 (5). LPS-induced acute lung injury is marked by increased neutrophil influx and up-regulation of proinflammatory cytokines. Similar phenotypes are observed in other lung inflammatory conditions, including asthma (6) , chronic obstructive pulmonary disease (7) , and pneumonia (8, 9) . LPS-mediated lung inflammation is associated with breast and colon cancer metastasis to the lungs (10) (11) (12) .
The mechanisms by which inflammation contributes to metastatic outgrowth in distant organs have remained underexplored. From a clinical perspective, although blocking primary tumor invasion and blocking dissemination are considered effective approaches in suppressing metastasis, an important question is how best to treat patients whose tumor has already metastasized. Thus, approaches are required to block tumor outgrowth in secondary organs for effective treatment of metastatic cancers. In this study, using two independent models of lung inflammation, we show enhanced recruitment of neutrophils, which degranulate to release the Ser proteases, neutrophil elastase (NE) and cathepsin G (CG), to degrade thrombospondin-1 (Tsp-1) in the lung microenvironment, enhancing metastatic outgrowth. Protease deficiency protected Tsp-1 from proteolysis and suppressed metastasis, providing a previously unidentified mechanism of Tsp-1 regulation in the metastatic organ.
Results

Neutrophil-Mediated Lung Inflammation Enhances Metastatic
Outgrowth. To determine the contribution of inflammation in the lungs to the outgrowth of metastasis, we generated lung-specific inflammation through intranasal instillation of LPS. As expected, intranasal LPS administration confined the recruitment of neutrophils to the lungs and not to other organs, ruling out systemic inflammation (Fig. 1A) . These lungs and the recruited Ly6G 
CD11b
+ Ly6G + neutrophils ( Fig. S1 B and C). Taken together, these data suggest that intranasal LPS administration generates an inflammatory microenvironment in the lungs characterized by an influx of neutrophils and the induction of inflammatory mediators.
To determine the consequence of lung inflammation on metastasis, we used orthotopic B16-BL6 melanoma, which metastasizes to the lungs from the skin (13) . Enhanced melanoma metastasis was observed in LPS-inflamed lungs (Fig. 1C) , associated with a marked increase in Ly6G
+ neutrophils (Tum-LPS) compared to controls (Tum-Ctrl) (Fig. S2A ). These data are consistent with the findings of LPS-challenged, tumor-free mice ( Fig. 1A and Fig. S1 B and C), and suggest an association between neutrophil recruitment and metastasis.
Having demonstrated that inflammation confined to the lung microenvironment can promote metastasis of orthotopic primary tumors, we next interrogated the molecular mechanisms by which neutrophil-mediated lung inflammation contributes to metastatic Significance Lungs are highly susceptible to inflammation. However, molecular insights into how external inflammation enhances metastatic outgrowth in the lungs remain lacking. Clinically, approaches are required to block tumor outgrowth in secondary organs for effective treatment of metastatic cancers. We demonstrate a previously unidentified mechanism of thrombospondin-1 (Tsp-1) regulation by inflammatory neutrophil proteases in the metastatic organ. Our findings suggest the potential of using neutrophil protease inhibitors as antimetastatic therapies.
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This article is a PNAS Direct Submission. S.M.D. is a guest editor invited by the Editorial Board. 1 T.E.R. and R.C. contributed equally to this work. outgrowth. However, the orthotopic tumor model is not optimal to interrogate mechanisms, since primary tumors systemically generate BM-derived premetastatic niches with inflammatory characteristics in metastatic organs (14) (15) (16) . Consistent with this notion, lungs of tumor-bearing mice (Tum-Ctrl) showed increased CD45 + cell content (Fig. S2B) , suggesting that an experimental metastasis model is necessary to circumvent the confounding effects of primary tumor-generated lung inflammation. Importantly, LPS-inflamed lungs showed an increased metastatic burden following i.v. administration of melanoma cells (Fig. 1D) . Similarly, Lewis lung carcinoma (LLC) cells, widely used in metastasis studies (17, 18) , also showed increased lung metastasis following LPS challenge (Fig. 1E) , suggesting that lung inflammation has an impact on metastasis across tumor types. Importantly, there was no significant difference in the number of cells that extravasate or seed in LPS-conditioned lungs compared with controls ( Fig. S3) , suggesting that the differences in lung tumor burden observed are due to enhanced tumor initiation or outgrowth after initial seeding. Importantly, neutrophil depletion with anti-Ly6G neutralizing Ab (19) reduced lung metastasis (Fig. S4 ), confirming the specific and dominant contribution of neutrophils to the inflammationmediated metastatic phenotype.
Inflamed Lungs Show Loss of Tsp-1 and Up-Regulation of Neutrophil
Ser Protease Activity. To elucidate the mechanisms by which neutrophils in the inflamed lungs promote metastasis, we focused on Tsp-1, a secreted ECM protein critical for lung homeostasis and inflammation (20, 21) . Tsp-1 deficiency extends inflammation and confers worse lung fibrosis in response to bleomycin treatment (22) . Furthermore, we had previously demonstrated that myeloid cell-derived Tsp-1 contributes to lung metastasis suppression (23) . Analysis of inflamed lungs showed loss of Tsp-1 protein compared with controls ( Fig. 2A) . Given that Tsp-1 is a potent inhibitor of tumor angiogenesis and growth (24, 25) , we posited that decreased Tsp-1 protein may enhance metastasis. The loss of Tsp-1 protein was not due to a reduction in neutrophil Tsp-1 mRNA levels ( Fig.  2B ), suggesting posttranslational regulation of Tsp-1, and potentially, proteolytic degradation by neutrophil proteases. Of note, the trend of increased neutrophil Tsp-1 mRNA in LPS-inflamed lungs can be attributed to the activation of neutrophil transcription by inflammation (26) .
Neutrophils carry Ser proteases, among which NE and CG have binding affinity for Tsp-1 (27) . Given that NE and CG are stored in specialized azurophilic granules, and inflammation is a major trigger of neutrophil degranulation (28), we speculated that degranulating neutrophils in the inflamed lungs, by virtue of secreting NE and CG, may mediate Tsp-1 proteolysis. Indeed, increased neutrophil degranulation was detected in inflamed lungs, as determined by cell surface presentation of the azurophilic granule membrane molecule CD63 (29) (Fig. 2C) . Increased neutrophil degranulation was associated with enhanced activity of both NE and CG in inflamed lungs (Fig. 2D) . To determine that the mechanisms identified above are not confined to the LPS model of inflammation, we evaluated a genetic model of inflammation, Clara cell secretory protein (CCSP)-tetracycline-controlled transactivator (rtTA); tetO-IL-1β, where the potent inflammatory cytokine IL-1β is conditionally expressed in the lung epithelium, under the CCSP promoter (30) . Consistent with the LPS model, conditional expression of IL-1β increased the recruitment of Ly6G + neutrophils, elevated the levels of proinflammatory mediators, and induced a significant increase in NE and CG activities associated with degradation of Tsp-1 protein (Fig. 3 A-D and Fig. S5A ). This phenotype translated to an enhanced metastatic burden in lungs following tail vein administration of tumor cells (Fig. 3E and  Fig. S5B ).
NE and CG Degrade Tsp-1 in Vitro. To show that NE and CG possess Tsp-1 proteolysis activity, we performed in vitro assays. Both NE and CG degraded recombinant Tsp-1, which was blocked in the presence of protease-specific inhibitors (Fig. 4 A and B) . We also tested sivelestat (ONO-5046), a pharmacological inhibitor of NE (IC 50 = 44 nM, K i = 0.2 μM), used for treatment of acute lung injury in animals (31, 32) , and humans (33) . As expected, sivelestat inhibited NE-mediated Tsp-1 proteolysis (Fig. 4A) . Strikingly, we found that sivelestat also reduced CG-mediated Tsp-1 proteolysis (Fig. 4B) , thereby exhibiting dual protease inhibitor activity. This dual activity can be explained by structural homology and a conserved catalytic triad in these proteases (34) . To expand upon the role of neutrophils in Tsp-1 proteolysis through degranulation of proteases, we isolated neutrophils and induced degranulation with the phorbol ester 12-O-tetradecanoylphorbol-13-acetate (TPA) (35) . TPA-induced neutrophil degranulation was confirmed by the membrane presentation of CD63 (Fig. 4C) . Conditioned media (CM) from TPA-treated neutrophils showed an increase in NE and CG protease activity (Fig. 4D ) and induced Tsp-1 proteolysis (Fig.  4E) . Notably, sivelestat concurrently blocked NE and CG protease activity in the CM and protected Tsp-1 from proteolysis (Fig. 4 D and E) without inhibiting neutrophil degranulation (Fig. 4C ).
NE and CG Degrade Tsp-1 in Vivo. To demonstrate the causal relationship between NE and CG release from neutrophils and the degradation of Tsp-1, we used Ly6G + neutrophils harvested from the BM of NE −/− CG −/− mice. NE −/− CG −/− neutrophils showed similar degrees of degranulation as WT neutrophils following TPA treatment (Fig. 5A) . As expected, NE −/− CG −/− neutrophils lacking CG and NE activity (Fig. 5B) failed to induce Tsp-1 degradation (Fig. 5C ). In vivo, LPS-induced lung inflammation showed Tsp-1 degradation in WT mice, as expected; however, strikingly, lungs of NE −/− CG −/− mice showed protection of Tsp-1 from proteolysis (Fig. 5D) , a phenotype not attributed to defects in degranulation (Fig. 5E) .
Taken together, these data suggest that neutrophil proteases NE and CG mediate Tsp-1 proteolysis both in vitro and in vivo, highlighting a previously unidentified mechanism of Tsp-1 regulation by the combined proteolytic activity of NE and CG.
NE and CG Activities Are Required for Inflammation-Enhanced
Metastasis. To determine the contribution of the NE/CG-Tsp-1 axis in promoting metastasis, we generated NE and CG deficiency. To ensure that the protease deficiency is confined specifically to the BM cells in the inflamed lungs, a bone marrow transplantation (BMT) approach was used. Specifically, BM cells harvested from NE −/− CG −/− mice were transplanted into irradiated syngeneic WT mice to generate a cohort of NE −/− CG −/− BMT mice. As controls, BM from WT mice was transplanted into irradiated WT mice, generating WT BMT mice. Importantly, NE and CG deficiency in BM cells in NE −/− CG −/− BMT mice did not perturb the mobilization, recruitment, or degranulation of neutrophils after LPS treatment (Fig. S6 B-D) . Moreover, deficiency of NE and CG did not have an impact on hematopoietic cell subsets (Fig. S6A) . Strikingly, impaired lung metastasis was observed after LPS challenge in NE −/− CG −/− BMT mice compared with WT BMT mice (Fig. 5F ). Western blot analysis of the total lung lysates showed protection of Tsp-1 from proteolysis in NE −/− CG −/− BMT mice compared with WT BMT controls (Fig. 5G) . Deficiency of either NE or CG only partially suppressed metastasis (Fig. S6 E and F) , consistent with the ability of both of these proteases to degrade Tsp-1. Taken together, these results suggest the contribution of the NE/CG-Tsp-1 axis to inflammation-driven metastasis.
Discussion
Primary tumors systemically induce metastasis-promoting microenvironments referred to as the "premetastatic niche" in distant organs (36) . These microenvironments are composed of a variety of BM-derived cellular populations and exhibit inflammatory features (14, 15) . Identifying mechanisms by which tumor-derived premetastatic niches contribute to tumor outgrowth is an area of active investigation; however, little is known about the mechanisms by which extrinsic inflammation in the lungs can influence metastasis of extrapulmonary neoplasms. We have described a previously unidentified mechanism, whereby neutrophils recruited in large numbers to the inflamed lungs degranulate and release stored proteases. These proteases specifically target a potent antitumorigenic factor, Tsp-1, resulting in its degradation. This mechanism appears to be responsible for the enhanced metastatic phenotype observed in inflamed lungs (Fig. 6) , since deleting both NE and CG in the BM compartment suppresses metastasis. However, future studies using NE −/− CG −/− Tsp-1 −/− triple-KO mice are required to establish firmly the causal link between the NE/CG-Tsp-1 axis and metastasis. The finding that NE and CG can degrade Tsp-1 and have an impact on its antitumorigenic function is unique, since previous studies have demonstrated that specific Tsp-1 cleavage contributes to Tsp-1 function. A disintegrin and metalloproteinase with thrombospondin motifs 1 (ADAM-TS1)-mediated cleavage of Tsp-1 was shown to release a C-terminal 110-kDa antiangiogenic fragment from matrix-bound Tsp-1 (37) . In another study, thrombin was shown to cleave Tsp-1 to release a 25-kDa N-terminal heparin-binding fragment (38) . Furthermore, a 140-kDa C-terminal fragment of Tsp-1 released by thrombin was shown to sequester basic FGF, hence inhibiting endothelial cell proliferation (39) . In our study, none of these products appeared in the inflamed lungs of mice (Fig. S7) , suggesting a novel mechanism of Tsp-1 regulation by the combined proteolytic activity of NE and CG. LPS-inflamed lungs also showed changes in the recruitment of other cell populations (Fig. S1 B and C) , which may also contribute to metastasis. However, our focus was to evaluate the most significant increase in neutrophil recruitment, since these cells are critical players in inflammation. Importantly, neutrophil depletion conferred a dramatic antimetastatic phenotype (Fig. S4) , suggesting that in the context of inflammation, the neutrophils exert a specific and dominant effect on metastasis. Furthermore, knocking out both neutrophil-restricted proteases, NE and CG, significantly impaired metastasis (Fig. 5F ).
Our study also provides insights into the exquisite functional plasticity of the Ly6G + cells, because they are the main source of both the proteases and the substrate, Tsp-1, in the lungs (23) . Under normal physiological conditions, these neutrophils produce intact functional Tsp-1 that confers a tumor-inhibitory microenvironment. However, under inflammatory conditions, the same neutrophils antagonize the antimetastatic effect of Tsp-1 by degranulating and releasing NE and CG proteases. Such plasticity of neutrophils has been previously described in primary tumors, where TGF-β can drive neutrophils toward a protumorigenic "N2" phenotype (40, 41) . Paradoxically, tumor-entrained neutrophils that are recruited to the premetastatic lungs have been shown to block metastatic seeding (42) . In our study, the inflammatory neutrophils have not been entrained by tumor cells but merely respond to external inflammation-promoting insults. Tsp-1 degradation is a consequence of this response, which inevitably renders the lung microenvironment more conducive to tumor outgrowth. Strikingly, mouse mammary tumor virus-polyoma middle T antigen (MMTV-PyMT) mice with primary breast tumors generated a premetastatic niche in the lungs with abundant neutrophil infiltration associated with a conspicuous loss of Tsp-1 protein (Fig. S8) , suggesting that primary tumors can generate an inflammation-like, Tsp-1-deficient microenvironment in the lungs.
From the perspective of targeting metastases, it has been emphasized that therapy should be targeted not only against tumor . Proposed model of inflammation-enhanced metastasis. Under normal physiological conditions (steady state), lungs exhibit sparse neutrophil counts and abundant intact and functional Tsp-1. Inflammation in the lungs causes enhanced influx of BM-derived neutrophils, which are the first responders at the infection site. Activated neutrophils produce potent inflammatory mediators, including IL-1β, TNF-α, IL-6, and Cox-2, and they degranulate their azurophilic granules, releasing the Ser proteases NE and CG. NE and CG degrade Tsp-1, rendering the lung microenvironment conducive to increased metastatic outgrowth. Whether CG and NE also have a non-Tsp-1-mediated role in metastasis is not known and is depicted by a "?".
cells but also against the host microenvironment, which contributes to, and supports, the progressive growth and survival of metastatic cancer cells (43) . Insight from our studies suggests that targeting neutrophils may not be a viable strategy because it may neutralize the antimetastatic effects of neutrophil-derived Tsp-1 in the microenvironment. However, we believe that targeting the neutrophil NE/CG-Tsp-1 axis may have clinical value in the prevention of metastasis or inhibition of its outgrowth.
Materials and Methods
A detailed description of materials and methods can be found in SI Materials and Methods. All animal work was conducted in accordance with a protocol approved by the Institutional Animal Care and Use Committee at Weill Cornell Medical College.
BM Isolation and BMT. BMT was performed by injecting 1 × 10 7 total BM cells retroorbitally into lethally irradiated (900 rad), 8-wk-old C57BL/6 female mice.
LPS Treatments. LPS derived from Escherichia coli strain 0111:B4 was administered intranasally in a 50-μL volume at a concentration of 0.25 mg/mL on days 0, 3, and 7.
Metastasis Assay, Bioluminescence Imaging, and Analysis. For experimental metastasis, 8-wk-old C57BL/6 mice were injected via the tail vein with 5 × 10 5 luciferase-labeled LLC cells or 2 × 10 5 B16-BL6 unlabeled melanoma cells. LLC pulmonary metastases were monitored by live animal bioluminescence imaging, where mice were anesthetized and injected retroorbitally with 75 mg/kg of D-luciferin in 50 μL total volume.
Neutrophil Isolation, Culture, and Degranulation. BM cells were subjected to magnetic bead isolation using an anti-Ly6G microbead kit (MACS; Miltenyi Biotec). Ly6G + cells were cultured for 30 min at 37°C in DMSO vehicle (final concentration of 0.01% DMSO) or 20 nM TPA.
NE and CG Activity Assays. NE activity was measured using an EnzChek Elastase assay kit (Molecular Probes) according to the manufacturer's protocol, and CG was measured using a Sensolyte 520 Cathepsin G assay kit (AnaSpec) according to the manufacturer's protocol.
